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PREFACE
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research Project Numbers P32-HOB and P32P-40. The Air Force project manager for this
work was E. R. Thompson, AEDC/DOTR. The manuscript was submitted for publication on
June 19 1978.
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1.0 INTRODUCTION

-

A previous evaluation of jet simulation parameters for nozzle afterbody testing was
conducted and reported in Ref. 1. The investigation attempted to improve the wind
tunnel test technique of using an unheated air jet exhaust to duplicate the jet effects
produced by an aircraft engine exhaust. Various parameters were examined during the
investigation in an effort to correlate nozzle afterbody drag coefficient, a measure of jet
interference, for jet exhausts of differing temperature. The results demonstrated that
adequate correlation could be achieved at certain specific test conditions and for certain
afterbody configurations by matching an inviscid jet plume shape parameter. However,
analysis indicated that to attain a general jet simulation, another jet mechanism, jet
entrainment or mixing, need also be duplicated. For this prior investigation, the jet
effects on an afterbody attributable to plume shape and those associated with
entrainment were impossible to separate. No means was ascertained to differentiate how
variations in jet exhaust total temperature or specific heat ratio, a secondary temperature
effect, acted to influence these two jet mechanisms, and thus, change drag.

The present investigation was conducted to evaluate the afterbody drag effects
produced by varying individual jet exhaust gas properties and to show whether these
properties affect drag by primarily altering the jet plume shape and/or jet entrainment.
Two jet exhaust gas properties, the gas constant (R;) and the specific heat ratio (7;), were
considered and were independently varied by changing jet exhaust gas composition.
Variations in the gas constant (R;) were chosen to simulate variations in the jet total
temperature (th) because many jet flow parameters that should have some relationship
to jet simulation are functions of the Rjth product. Examples of such parameters are the
jet mass flow, momentum, kinetic energy, and velocity. Adoption of such equivalence of
temperature and gas constant also allows the specific heat ratio to be decoupled from
"temperature" effects by individually varying R; and +; with selected gas mixtures. Thus,
the effects of th, represented by R;, could be assessed separately from those produced
by ;. The specific heat ratio (y;), which represents a secondary temperature effect, was
examined because many jet simulation parameters which have been considered in prior
investigations of jet exhaust temperature effects are largely a function of v; but are
independent of R; and th. Examples of such parameters which represent jet plume shape
matching parameters include the nozzle exit-to-free-stream static pressure ratio,
incremental Prandtl-Meyer angle, and the maximum jet plume-to-nozzle exit diameter
ratio.

Experiments were conducted in Tunnel 1T, using two strut-mounted pod models
representing both separated (25-deg boattail) and unseparated (15-deg boattail) external
afterbody contours. Integrated afterbody pressure drag coefficient data were acquired for
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each of these models for six jet exhaust gas compositions. Gases composed of either
nitrogen (N, ), hydrogen (H,), ethylene (C,Hy), or one of three differing mixtures of N,
and H, were exhausted at the rear of each of the models through a convergent-divergent
nozzle (A./A* = 1.25). These gases allowed a variation in R; from approximately 55 to
767 ft-Ibf/lbm-"R and in v from about 1.20 to 1.40. Exhaust gas total temperature was
maintained at approximately 630°R. Testing was conducted at nominal free-stream Mach
numbers ranging from 0.6 to 1.2, at model nozzle total pressure ratios from
approximately 1 to 16, and a model angle of attack of 0 deg.

2.0 APPARATUS

2.1 TEST FACILITY

Tunnel 1T is a continuous-flow, nonreturn wind tunnel capable of being operated at
Mach numbers from 0.2 to 1.5. utilizing variable nozzle contours above M_ = 1.10. The
tunnel is operated at a stilling chamber total pressure of about 2,850 psfa with a *5
percent variation. dependent on tunnel resistance and ambient atmospheric conditions.
The total temperature can be varied from 80 to 120°F above ambient temperatures as
necessary to prevent visible condensation in the test section. The test section is 1-ft
square and 37.5 in. long with 6 percent porous perforated walls. A detailed description of
the tunnel and its operating capabilities is given in Ref. 2.

2.2 TEST ARTICLE AND SUPPORT SYSTEM

The experimental data for this investigation were acquired from tests conducted
with two axisymmetric nozzle afterbody models of similar overall design but with
differing external afterbody contours. Each model had a length of 14.697 in., a
maximum body diameter of 0.986 in., and each incorporated a 14-deg half-angle nose.
Both models included an internal plenum chamber connected to a convergent-divergent
nozzle that exited at the rear of the model. A support strut was used to mount either
model in the wind tunnel test section, producing a maximum cross-sectional area of the
model/strut arrangement equivalent to 1.96 percent of the test section cross-sectional
area. The strut thickness-to-chord ratio was a fixed value of 0.0853 from the tunnel floor
to the model. Six, 1/4-in.-diam passageways were contained within the strut for supplying
a high-pressure gas to the model plenum chamber from an external tunnel source. In
addition, one other larger passageway was provided to route model thermocouple leads
and pressure tubes to instrumentation panels outside the test section. A sketch showing
model and strut details in the tunnel is presented in Fig. 1.



AEDC-TR-78-43

The external afterbody contours for the models tested were 25- and 15-deg boattail
geometries and represented 1/10-scale replicas of those used in hot and cold jet exhaust
tests conducted in Tunnel 16T and reported in Refs. 1 and 3. The internal nozzle details
differed slightly between the 25- and 15-deg boattail models, although the nozzle
divergence half-angle was 5-deg for both. The contraction and nozzle exit-to-throat arca
ratios were, respectively, 4.645 and 1.271 for the 25-deg boattail model and were,
respectively, 4.676 and 1.226 for the 15-deg boattail model. A sketch showing the
external and internal design of each of the afterbodies is presented in Fig. 2. For a
portion of testing, the 15-deg boattail model was installed with a solid cylindrical plume
simulator which fastened within the model at the front of the plenum chamber. The
external portion of ‘the simulator had a diameter equivalent to the nozzle exit diameter
and extended approximately 3 in. downstream of the exit. Model photographs are
presented in Fig. 3 showing the 25-deg boattail model and the 15-deg boattail model with
and without the plume simulator installed.

2.3 GAS SUPPLY SYSTEM

Six jet exhaust compositions were used for the tests conducted with these models.
Three exhaust gases were composed of either pure nitrogen (N;), hydrogen (H3), or
ethylene (Cy;Ha) gases and the remaining three were composed of differing mixtures by
weight of N2 and H;. A gas piping system, located externally to the wind tunnel,
controlled, temperature-conditioned, and supplied these gases to the model. Two different
piping schemes were utilized, depending on whether the jet exhaust was composed of a
pure gas or a mixture of two gases.

If a pure gas was used as the jet exhaust, the piping system ducted the flow through
a double-tube steam heat exchanger and then to any one of three available control valves,
a manual-type needle valve and two pneumatic-controlled valves. Located downstream of
each pneumatic valve was a choked venturi metering section for measurement of the mass
flow of the high-pressure gas. The venturi throat diameter differed for each valve. Thus,
by having two pneumatic valves from which to choose, flexibility was gained in
measurement of the mass flow for varying required model plenum chamber pressure and
for varying available gas supply pressure. The manual needle-type valve was used to a
limited extent to regulatc small gas flows that the pneumatic valves could not control.
After the gas was routed through either one of the pneumatic valves and the associated
venturi-metering section or through the ncedle valve, it was supplied to a manifold which
was connected to the base of the model support strut.

For a jet exhaust composed of a mixture of two gases, i.e., Ny and H,, each gas was
initially controlled by a pneumatic valve and routed through a venturi metering section
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for mass flow measurement. Downstream of the two venturis, the gases merged and the
resulting mixture was temperature-conditioned in the double-tube heat exchanger. The
mixture was then supplied to the model in the same manner as the pure gas. For the
three Np/H; mixture flows that were tested, three pairs of different sized venturis were
required. Each pair of venturis represented a fixed nitrogen-hydrogen mass flow ratio,
assuming the given pair were operated with a similar venturi upstream supply pressure
and temperature.

24 INSTRUMENTATION

The two models tested were each instrumented with 26 static pressure orifices
distributed axially and circumferentially about the afterbody external surface. In
addition, each model had three nozzle base pressure orifices at different circumferential
locations. The position of these orifices on both models is presented in Table 1. These
pressures were measured by the Tunnel 1T pressure system comprised of a five-module,
48-port Scanivalve. Each valve had a 15-psid differential transducer with tunnel total and
plenum pressures as the respective calibrate and reference pressures. The calibrate and
reference pressures were measured by a more accurate instrumentation system to allow
computation of an on-line Scanivalve® calibration constant for each valve at every data
point. Both models incorporated four static pressures within the plenum chamber and
two static pressures within the diverging section of the convergent-divergent nozzle. These
pressures were mcasured by strain-gage type transducers with a range from 0 to 500 psia
and 0 to 200 psia, respectively. Two copper-constantan thermocouples were located in
the plenum chamber of each model to measure gas supply temperature for computation
of nozzle mass flow.

Upstream venturi supply and throat static pressures were measured by strain-gage
transducers with a range from 0 to 2,000 psia. A copper-constantan thermocouple located
upstream of each venturi metering section was used to measure gas supply temperature
for mass flow calculations.

Instrumentation readouts in engineering units of all thermocouples, venturi supply
pressures, and model plenum chamber static pressures were provided in the tunnel control
room for monitoring purposes and for sctting desired model nozzle flow conditions. All
electrical signals from instrumentation data channels were processed through an
analog-to-digital converter, recorded on paper tape, and fed to a facility computer for
on-linc data reduction.

10



AEDC-TR-78-42

3.0 PROCEDURE
3.1 TEST CONDITIONS AND TECHNIQUE

Test data were acquired at free-stream Mach numbers of 0.6, 0.8, 0.9, and 1.2 as
shown by the test summary in Table 2. Freestream Reynolds numbers corresponding to
these Mach numbers at a tunnel stagnation temperature of 610°R are indicated in Table
3. A test section wall angle of 0 deg was maintained at all test conditions and testing of
both models was conducted only at an angle of attack of 0 deg. Nozzle total pressure
ratio was the primary run variable, ranging from approximately 1 to 16 depending on gas
supply pressure and free-stream Mach number.

The data acquisition procedure, without the plume simulator, consisted of setting
the appropriate free-stream conditions, regulating the nozzle plenum chamber static
pressure and/or venturi supply pressure(s) to give the required nozzle total pressure ratio,
and adjusting the steam heater flow to produce a desired gas supply temperature in the
plenum chamber. A plenum chamber temperature of approximately 630°R (£30°) was
maintained to correspond closely to the free-stream total temperature. For testing with
the plume simulator, the gas supply system was disconnected, and the only run variable
was free-stream Mach number.

3.2 DATA REDUCTION

The primary parameter presented in this report as a measure of jet interference was
the integrated afterbody pressure drag coefficient. For both models, this parameter was
based on a maximum model cross-sectional area of approximately 0.76 in.2 and was
determined by numerically integrating the pressure distribution on the afterbody surface
excluding the nozzle base area. This coefficient represented the pressure drag on the
nozzle/afterbody projected area aft of M.S. = 14.068 in. for the 25-deg boattail model
and aft of M.S. = 13.662 in. for the 15-deg boattail model.

Venturi mass flow calculations were based on the following equation:

2
s _ (O KD K (P DAY
VTV

where C is a constant, K; equals the discharge coefficient at the venturi throat assuming
laminar flow, K; is a factor which is a function of the gas constant-and the ratio of
specific heats, P, and T, are the respective static pressure and temperature measured
upstream of the venturi, Dy is the measured venturi throat diameter, and A, is the
contraction area ratio correction for static pressure to obtain total pressure upstream of

(1)

11
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the venturi. The ratio of specific heats used for venturi computations was determined
from the upstream venturi static pressure and temperature assuming real gas properties.
Real gas data for nitrogen (N,), hydrogen (H,), and ethylene (C;Hy) were obtained,
respectively, from the following sources: Refs. 4, 5, and 6. In Fig. 4, the real gas effects
on 7 are presented as a function of pressure at various temperatures for these gases.

Isentropic relations were used for computation of all nozzle flow and jet parameters
presented herein. An average plenum chamber static pressure and the nozzle contraction
area ratio were used to calculate the nozzle total pressure. The ratio of specific heats (7)
was assumed to be a constant value of 1.40 (calorically perfect) for jet exhausts
composed of Ny, Hy, or any mixture of these two gases. For 0 < P;, <300 psia at T,
= 630°R, this produced a maximum deviation from the real gas 7y of less than 2 percent
for N2 and less than 0.2 percent for H,. For a jet exhaust composed of ethylene (C3Hy),
a real gas specific heat ratio was determined based on an average plenum chamber static
pressure and temperature and using the real gas data of Fig. 4.

The gas constant (R;) for a nozzle flow composed of N, and H, gases was
computed from the following equation:

tae - (1 (52)* Co) () o
YN

2 Hy
a consequence of the laws of mixtures of gases. By using these results, venturi metering
sections were fabricated prior to testing to give desired values of Riyixture-

3.3 UNCERTAINTY OF MEASUREMENTS

Estimates of the uncertainties for certain test parameters at a 95-percent confidence
level are as follows:

U M = 0.6 M = 0.9 M o= 1.2
———— — — R - - E .
M +0. 0044 +0. 0037 +0, 0039
q,, psi +0.0518 +0, 0357 0. 0234
NPR +0.0317 +0, 0431 +0. 0606
c +0.0184 +0,0108 0. 0101

pX

Since increments rather than absolute levels in afterbody drag coefficient (Cp ) are
of primary interest for this evaluation of individual jet property effects, the repeatabﬂlty

12
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instead of the computed uncertainty gives a better measure of data reliability. In Fig. 5,
typical drag coefficient repcatability is presenied for the 25-deg boattail.

4.0 RESULTS AND DISCUSSION
4.1 PROBLEM ANALYSIS AND APPROACH

The important results from a prior investigation (Ref. 1) of jet simulation
paramcters for nozzle afterbody testing are listed below: :

1. Significant afterbody drag differcnces are present between jet exhausts of
varying temperature at a fixed nozzle total pressure ratio (NPR).

rJ

Duplication of puaramcters that characterize the inviscid jet plume
boundary demonstrate better correlation of afterbody drag than the
parameter NPR for underexpanded jets of dissimilar temperature. These
inviscid plume shape paramecters provide better jet simulation for
unscparated afterbody flows as compared with separated flows.

3. At nozzle design conditions (complete cxpansion). no parameter produces
any better jet simulation than the parameter NPR.

As these results indicate. matching of an inviscid jet plume shape parameter does not
give universal correlation of afterbody drag for variations in jet exhaust temperature, in
particular, at nozzle design conditions and for separated afterbody configurations. This
implies that some other jet mechanism, perhaps jet pumping on the afterbody flow or jet
entrainment as proposed by Compton (Ref. 7) is responsible for a portion of the drag
differences observed. But distinguishing the separate cffects of jet shape and jet
entrainment on afterbody drag proves to be difficult for the data of this previous study.
Two interrelated jet exhaust properties. total temperature (Tt ) and the ratio of specific
heats (7;), were varied simultaneously, and determining how these properties individually
influence jet shape and jet entrainment cannot be ascertained.

The present study attempted to overcome this problem by altering jet exhaust gas
composition to allow the specific heat ratio and gas constant to be varied independently.
The gas constant (R)) was considered for this investigution to provide a variation similar
to that of exhaust total temperature (T,) One reason for this equivalence is that many
inviscid paramcters which should have some relationship to jet simulation are functions of
the RTq product. The following list of parameters whn,h will be considered hercin
1llustrates this point:

13
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Parameter Equation Definition
. ' 1/2 1/2 pl/2 1/2
.~1 1/2
(1 + 3’]2 !\'1]?) Velocity, ft/sec
1/2 1/2 p-1/2 -1/2
pV; P M;y}/? 62 B2, T
i ] —y 411/ 2(y:=1)
(1 + ylz M]? ) V) 75 Mass flux, Ibm/ft?_sec 4)

— =y /{y~1)
P \"J? Pt]_ MJ? ¥ 8 (1 + )/']_2 Mj2) ¥ Momentum flux, lbm/ft-sec2 (5)
' /
Pj V? Pt. M? }’?/2 33/2 le/2 T}' 2
}

j
(1 R 1 _‘.'l?) =3y +1)/2(y -1}
9 ]

Another advantage of the method chosen to simulate high temperature jets by use of low
molecular weight mixtures of approximate room temperature gases is that specific heat
ratios are constant, thus independent of the R; which can be used to simulate the effect
at high temperature. By evaluation of the preceding parameters, say at the nozzle exit
plane or at the inviscid jet plume boundary, it becomes evident that this characteristic is
very important. If the Mach number, jet total pressure and temperature, and specific heat
ratio of the jet are fixed and the gas constant of the jet allowed to vary, these parameters
are reduced to the following:

Kinetic energy flux, lhm/'sec3 (6)

Parameter Equation
Vi = ¥, or ¥ constant x (Rj)l/2 (7)
7 i ; -1/2
p; V= p. Ve or piVy constant x (Rj) (8)
P; Vj2 = p, Vz or pIV% - constant €))
: ; 3 1/2
Pj \'? = p, \"2 or p, "? constant x (Rj) / (10)

As shown, V, and ijj3 both vary directly with \/Ej, while p;V; varies inversely with it.
The momentum flux (ijjz), being independent of both R, and th, is fixed as R;
changes. With M,, Ptj, TtJ, and v; constant, the inviscid jet plume boundary is invariant in
size and shape at a given NPR. This implies that, ideally, any differences in afterbody
drag observed with changing R; at a fixed NPR are attributable to jet entrainment or
mixing effects.

Jet simulation parameters examined herein for changes in v, were inviscid jet plume
boundary parameters similar to those considered in prior investigations of jet exhaust
temperature effects on afterbody drag. These type parameters, although not a function of
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R, are largely affected by variations in v;, since they represent the jet expansion process
external to the nozzle and the subsequent jet plume boundary shape that results. A list
of these inviscid jet plume shape parameters is as follows:

Parameter Eg uation Definition
Ay = vy~ Ve Incremental Prandtl-Meyer angle, (11)

deg v = f(y, M) (Sce Ref. 8)

~y /{y —1)

P
NSPR = Pe _ i (1 + yj_l ME ) Y Nozzle_exit static to free-stream (12)
P, P. 2 slatic pressure ratio
. cviscid i 1
D,/D, = '\/Al/’\e = \/(AI/AL)/(AQ/A*) Maximum inviscid jet plume (13)

boundary-to-nozzle exit
diameter ratio

A]/;\* = f(y]., Ml)
{see Ref. 8)

Initially, ten differing gases encompassing a wide range of values for both ¥ and R
were chosen from a list comprised of approximately 89 gases. In Fig. 6, these ten gases
are presented graphically to show their respective v and R values. As indicated, these
gases fall into distinct lines of constant 4 and constant R. Because of safety, economic,
and problem analysis considerations, only three of these ten gases were chosen to be
tested as jet exhausts. Nitrogen (N;) was chosen as a baseline since it closely resemblcs
air in many of its properties including similar y and R values. Ethylene (CyH4) was
considered because its ratio of specific heats at room temperature represents the near
minimum of that experiericed by a heated jet exhaust in a real turbojet or turbofan
engine nozzle. Furthermore, ethylene has a gas constant approximately equal to that of
nitrogen, thus comparison of afterbody drag coefficient between nitrogen and ethylene
jet exhausts show only the effect of 7. Hydrogen (H;) was chosen because of its high R
value (equivalent to matching some high T,) and because at low temperaturc its y is equal
to that of nitrogen. Three mixtures of hydrogen and nitrogen were also tested as jet
-exhaust gases to obfain aftcrbody drag data at intermediate values of R; between that
provided by N; and H,. The basic properties for the jet exhaust pases tested are
presented in Table 4.

42 PRESENTATION OF RESULTS

42.1 Effects of Individual Variation of Gas Constant and
Specific Heat Ratio on Afterbody Drag Coefficient

In Figs. 7 and 8, afterbody pressure drag coefficient data are presented for jet
exhaust gases of separately varying specific heat ratio (y;) and gas constant (R;). These
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results are shown for two external afterbody geometries, a 25-deg and a 15-deg boattail,
at freesstream Mach numbers from 0.6 to 1.2 and are presented as a function of nozzle
total pressure ratio (NPR). This parameter is commonly duplicated in present nozzle
afterbody testing in the wind tunnel. In addition to the data presented for differing jet
exhaust gases, drag coefficient data are presented for the 15-deg boattail with a solid
cylindrical plume simulator. This cylindrical plume represents the inviscid jet plume shape
at nozzle design conditions, and these data are shown at an NPR value that corresponds
to design for v, = 1.40.

These results show that the overall drag trend with NPR, ignoring absolute drag
levels, is similar regardless of the jet exhaust properties, the free-stream Mach number, or
the external afterbody geometry. From jet-off to initial jet-on, drag coefficient sharply
decreases to some minimum value which corresponds to an NPR of approximately one.
This "drag bucket" point is probably attributable to the jet exhaust filling the wake
behind the model and thus pressurizing the afterbody base and boattail surfaces and
corresponds closely to the NPR for initial nozzle choked flow. An increase in NPR from
this drag bucket point produces a drag rise that continues until a maximum jet-on drag
point is obtained. Since a drag rise indicates a lowering of afterbody surface static
pressures, and thus an increase in flow velocity over the afterbody surface, this implies
that jet pumping or jet entrainment may be involved. In general, for a given jet exhaust
gas, the drag increments defined between jet-off and the drag bucket point and between
the drag bucket and the maximum jet-on drag point are observed to be equal or larger
for the 25-deg boattail as compared with the 15-deg boattail and larger for transonic
free-stream Mach numbers 0.9 and 1.2 than for the subsonic Mach numbers 0.6 and 0.8.
It should be noted that the maximum jet-on drag point occurs at differing NPR values
depending on jet exhaust properties, free-stream Mach number, and afterbody geometry.
The magnitude of the drag rise from the drag bucket generally increases with increasing
value of NPR at the drag peak, except for the 25-deg boattail at M_ = 0.9 and 1.2. In
these cases there is a change in the drag rise and no associated change in NPR at the drag
peak. The maximum drag point perhaps represents the point where jet plume effects on
afterbody drag become more important than jet entrainment effects, because the drag
reduction beyond the peak is characteristic of an increase in size of the inviscid jet
plume.

The effect of the jet exhaust specific heat ratio (7;) on afterbody drag is generally
similar for the 25- and 15-deg boattail models as shown in Figs. 7 and 8. At NPR's below
the point of maximum drag, the effect of +; is small and irregular. At NPR's greater than
that for maximum drag, the effect of a reduction in v; is to reduce the drag by an
amount which increases with NPR and which is also much greater for the afterbody
having attached flow (15-deg boattail). This dependence can be linked to the fact that for
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a given nozzle total pressure ratio, the inviscid jet plume becomes larger with decreasing
;- It is suggested that thc effect is less for the afterbody with the 25-deg boattail
because, in this case, the plume grows into a separated wake region and is not in direct
contact with the external flow. Inviscid jet plume shapc parameters that characterize this
growth in plume size include those that will be considered herein for jet simulation
capabilities in correlating ; effects on afterbody drag.

As observed in Figs. 7 and 8, the effect of jet exhaust gas constant (Rj) on
afterbody drag coefficient is significantly larger and quite different than that of )
Except for several anomalies at M_ = 1.2 for the 15-deg boattail, an increase in R
produces a reduction in afterbody drag cocfficient that generally appears as a constant
shift in CDpfor a matched NPR at NPR = 1. This behavior is very similai to that
observed for an increase in th in Ref. 1. In general, the effects of R; are noted to be
equal or slightly greater for the 25-deg boattail as compared with the 15-deg boattail and
are larger for transonic Mach numbers (M_ = 0.9 and 1.2) as compared with subsonic
Mach numbers (M_ = 0.6 and 0.8). From earlier discussion, the jet effects produced by
varying R; can be attributed to jet mixing or jet entrainment since the other jet
mechanism, plume shape, can be fixed by matching NPR (since v = constant).

The effect of solid cylindrical plume simulator on afterbody drag coefficient is
shown in Fig. 8 for the 15-deg boattail. These results, as stated earlier, are presented at
the design nozzle total pressure ratio since the cylindrical shape closely corresponds to
the inviscid jet plume shape at nozzle design conditions and ¥ = 1.4. By comparing the
drag coefficient data for this simulator with the jet exhaust data, it is observed that the
solid plume at M_ = 0.6 gives approximately the same drag as that obtained with a jet
exhaust with an RJ value of 767 ft-Ibf/lbm-"R. Similar comparisons of the drag data for
the plume simulator at Mach numbers 0.9 and 1.2 show that solid plume produces a drag
coefficient that lies in the midst of thosc for jet exhausts of differing RJ. At this time, no
satisfactory explanation of the drag results for the solid plume in relation to that of the
jet exhaust data can be given.

4.2.2 Effect of Nozzle Total Pressure Ratio and Free-Stream
Mach Number on Afterbody Pressure Distributions

In Figs. 9 and 10, afterbody surface pressure distributions are presented for the 25-
and 15-deg boattail models to show the effect of varying NPR at various frec-stream
Mach numbers. These results are shown for a jet exhaust composed of nitrogen (7j =
1.40, R; = 55.159) at nozzle total pressure ratios corresponding to jet-off. the drag
bucket point (NPR = 1). the nozzle design condition, and at a highly underexpanded jet
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condition. For each afterbody geometry these pressure distributions represent the effects
on the boattail surface beginning at the shoulder and ending at, but prior to, the nozzle
base.

The pressure distributions indicate appreciable differences in streamline patterns,
shock locations, and separation points between the two afterbodies and between different
M_ from subsonic to low supersonic conditions. For the 25-deg boattail, at M, = 0.6
(Fig. 9a), flow recompression occurs over almost the entirc length of the boattail and
concludes at a pressure slightly greater than ambient. However, at Mach numbers 0.9 and
1.2 (Figs. 9b and c) only a slight recompression occurs after the shoulder followed by an
almost flat pressure distribution ending with a pressure level less than that of the
free-stream static pressure. It is suggested that at these conditions separated flow over the
aft portion of the afterbody surface exists, while at Mach number 0.6, the afterbody flow
remains attached.

A flow expansion immediately downstream of the afterbody shoulder is observed for
the 15-deg boattail at all Mach numbers. This expansion continues until some minimum
pressure is realized, after which a recompression of the flow occurs. The recompression
ends at the aft portion of the boattail and reaches a pressure level greater than
free-stream static pressure for Mach numbers 0.6 and 0.9 and is at a pressure level slightly
less than free-stream static pressure for Mach number 1.2. The flow expansion region
appears to cover a greater portion of the afterbody surface as Mach number increases. As
a result, a more adverse pressure gradient is noted in the recompression region for the
15-deg boattail at M_ = 1.2. Separated flow is suspected at the end of the model because
of the adverse pressure gradient which ends at a pressure level less than ambient.

For both afterbody geometries regardless of free-stream Mach number, the effects of
nozzle total pressure ratio are felt over the entire recompression region of the pressure
distribution. As shown here and as indicated earlier, a larger afterbody drag, at least for
jet-on conditions, corresponds to a general decrease in these pressures while a smaller drag
coincides with an increase in these pressures. Nozzle total pressure ratio effects on the
pressure distributions appear largest in regions where separated afterbody flow has been
suspected. The variations of pressure distribution with nozzle total pressure ratio at a
given M_ are, however, generally much smaller than the variation with M_, suggesting that

only minor variations in flow pattern occur as NPR varies from 1.0 to 16.0 at a given
M.
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4.2.3 Effects of Specific Heat Ratio and Gas Constant on
Afterbody Pressure Distributions

The effects of the jet exhaust specific heat ratio (v,) on afterbody pressure
distributions are shown for the 25- and 15-deg boattail models in Figs. 11 and 12. These
pressure data are presented at the respective nozzle total pressure ratios required to
match nozzle design conditions (NSPR = 1) for a nitrogen jet exhaust (7; = 1.40) and for
an ethylene jet exhaust ('yj = 1.20 to 1.27). As shown, the pressure distributions are
practically identical for the two specific heat ratios for a given free-stream condition and
afterbody geometry. Since the range of 7; presented encompasses that experienced in hot
and cold jet exhaust testing, the effects of specific heat ratio on afterbody pressure
distribution at nozzle design pressure ratio can be considered negligible.

In Figs. 13 and 14, the effects of the jet exhaust gas constant (R;) on afterbody
pressure distributions are presented for the 25- and 15-deg boattail models at their
respective nozzle design pressure ratios. For the 15-deg boattail, pressure distributions are
presented only at free-stream Mach numbers 0.6 and 1.2, and at these conditions only a
limited amount of data are shown. Other results for this afterbody were not considered
because of anomalies in the pressure distributions.

The effect of an increasing value of the gas constant (14-fold) is observed to be a
general increase in surface pressure for both afterbody shapes and at all Mach numbers,
except for the region of expanding flow on the 15-deg boattail, where there is little or no
effect. The pressure rise is relatively uniform along the afterbody and is larger in regions
of suspected separated flow than in regions of attached flow. These increases of pressure
correspond dircctly to the drag decrease observed at nozzle design conditions in Figs. 7
and 8.

4.3 CORRELATION OF SPECIFIC HEAT RATIO EFFECTS

The effects of jet exhaust specific heat ratio (7j) on afterbody pressure drag
coefficient are presented in Figs. 15 and 16 for the 25- and 15-deg boattail models as a
function of NPR and several inviscid jet plume shape parameters. These data are shown
for nozzle total pressurc ratios equal to or greater than that required for a normal shock
at the nozzle exit. The inviscid jet plume shape parameters presented are the nozzle
exit-to-free-stream static pressure ratio (NSPR), the incremental Prandtl-Meyer angle (Av),
and the maximum plume-to-nozzle exit diameter (D,/D,). The parameters NSPR and Av
represent two parameters identified for jet simulation performance for hot and cold jet
exhausts reported in Ref. 1. The paramcter D, /D, has been found to provide correlation
of afterbody drag for conventional and annular jet configurations in a study conducted
and reported in Ref. 9. These three inviscid plume shape parameters were computed using
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isentropic nozzle relations, although it is realized these relations are invalid for
overexpanded nozzle flows at which a portion of these drag data are presented. Although
it does not by itself determine plume shape, the parameter NPR is shown for these
results for comparative purposes since it is. as expressed earlicr, a parameter commonly
duplicated in present nozzle afterbody testing.

As shown, from overexpanded jet conditions to a nozzle pressurc ratio of about 7,
the parameter NPR gives drag correlation of specific heat ratio effects within 40 drag
counts (based on maximum cross-sectional area) for both boattails at all free-stream Mach
numbers presented. For 7 < NPR < 13. the correlation becomes increasingly poor with
increasing NPR and M_. Discrepancies of 50 to 120 drag counts for the 15-deg boattail
model and up to 100 drag counts for the 25-deg boattail modcl are observed at M_= 1.2.

Excellent corvelation of afterbody drag (within 30 drag counts) for the effects of ¥,
is achieved at free-stream Mach numbers 0.6 and 0.9 at all jet conditions by duplicating
either of the parameters Av or D;/D,. At M_= 1.2, however, these parameters have a
tendency to overcorrect the cffects of 7, at underexpanded jet conditions on both
boattails, and discrepancies in the drag correlation at highly underexpanded jet conditions
are as large as 85 counts for D; /D, and up to 140 counts for Ay on the 15-deg boattail
body.

Correlation by use of the parameter NSPR gives almost exact duplication of
afterbody drag for the effects of v; on the 25-deg boattail at all jet and free-stream
conditions shown. For the 15-deg boattail, matching NSPR does not provide as good a
drag correlation as that achieved by matching Av or D, /D, at subsonic free-stream Mach
numbers; however, by including the results at M_ = 1.2, this correlation collapses the drag
data for all conditions and both boattails to within 50 drag counts. From this discussion,
the effects of v; on afterbody drag that exist between rcal aircraft engine jet exhausts
and a simulated jet exhaust composed of unheated air used in the wind tunnel can thus
be eliminated if an inviscid jet plume shape parameter, such as NSPR, is matched.

In Fig. 17, the parameters (NSPR, A», and D, /D) calculated from Egs. (11) to (13)
are presented as a function of NPR for jet exhaust specific heat ratios of 1.21 and 1.40.
A v; of 1.21 represents the thermally perfect value for an ethylene jet exhaust gas at th
= 630°R. As these paramcter plots show, at a given NPR, the valuc of these inviscid jet
plume shape parameters increases as v, is decreased. This coincides with earlier comments
that the inviscid jet plume becomes larger at a fixed NPR as «y, is reduced.

20



AEDC-TR-7843

44 CORRELATION OF GAS CONSTANT EFFECTS

Afterbody pressure drag coefficient increments for the 25- and 15-deg boattail
models are presented in Fig. 18 as a function of NPR to demonstrate the drag differences
that result for changes in the jet exhaust gas constant (R) at constant +y;. These drag
coefficient increments were obtained by means of mterpolatlon at constant values of
NPR for pressure ratios equal to or greater than that required for a normal shock at the
exit. At a given NPR, thc drag increments were determined by subtracting the drag
coefficient produced by a nitrogen jet exhaust (R; =55 ft-Ibf/lbm-"R) from the drag
coefficient produced by a jet exhaust with R; of any other value. The drag coefficient for
the nitrogen jet exhaust was chosen to be subtracted since, for comparative purposes, it
most closely resembles the drag coefficient produced by a simulated jet exhaust
composed of unheated air commonly used for nozzle afterbody testing in ‘the wind
tunnel. For the 15-deg boattail, data are included at Mach numbers 0.6, 0.9, and 1.2 that
have anomalies as a possible result of physical changes in the wind tunnel during testing
with this model but which, nevertheless, appear to demonstrate an overall drag trend with
R; similar to that of the 25-deg boattail.

Since a matched value of NPR coincides with a fixed inviscid jet plume shape (as
well as constant jet momentum) for these particular data (because v <= constant), drag
coefficient increments represent differences in jet entrainment that are produced by
varying R;. As observed, these differences become larger as R, is increased and, in general
at a given free-stream Mach number, do not vary significantly with NPR for either
afterbody. However, as noted earlier, the drag increments for the 25-deg boattail are equal
to or larger than for the 15-deg boattail and are larger for transonic Mach numbers 0.9
and 1.2 than for the subsonic Mach number of 0.6.

! In Figs. 19 and 20, entrainment-related drag increments produced by varying R, are
prescnted for both afterbody geometries as a function of several parameters which
correspond to the jet exhaust velocity, mass flux, and kinetic energy flux. Each of these
parameters is a function of Rj and th. Thus, if the jet effects produced by changes in R]
can be correlated by any of these parameters, then the jet effects produced by variations
in TtJ can possibly be correlated by the same parameters. Parameters shown include \/R—,,
which is proportional to the jet exhaust velocity and kinetic energy flux, and l/\/_ R; which
is, likewise, proportional to the jet exhaust mass flux. Others presented represent differences
in actual magnitudes of the jet exhaust and freestream quantities of velocity, mass flux, and
kinetic energy flux computed at both the nozzle exit plane and the inviscid jet plume
boundary. These parameters were detennmed assuming isentropic relationships were valid,
even at overexpanded jet conditions. Parameters correspondint to the jet momentum flux
were not considered for these results since momentum remains constant for variations in
R; at a given Ptj.
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The correlations of drag increments produced by jet entrainment differences resulting
from R] variation are shown as curves of constant NPR (representing fixed inviscid jet
plume shape and jet momentum). Three curves of constant NPR are presented for each
afterbody geometry at freestream Mach numbers 0.6, 0.9, and 1.2. The three differing
NPR's correspond to overexpanded and underexpanded jet conditions as well as nozzle
design conditions.

The results indicate that at a fixed NPR, the drag increments produced by changes
“in R; vary in a nearly linear manner with \/ R and thus nonlinearly with 1/\/R It is
further observed at a given free-stream Mach number that the different NPR curves,
representing overexpanded and underexpanded nozzle total pressure ratios, collapse
essentially on a single line when presented as a function of these parameters. This occurs
because jet entrainment differences appear for the most part to be nearly independent of
nozzle total pressure ratio (see Fig. 18). The maximum spread in ACD between lines of
constant NPR at any free-stream Mach number with either afterbody geometry is no
greater than 80 drag counts for an NPR range from 2 to 6.

As a function of the velocity parameters (V, - V_ and V; - V) and the kinetic
energy flux parameters (poV3 - p,V3 and p;Vi - p_V3) entrainment-related drag
increments at a given NPR vary in a straight-line manner, as might be anticipated from
the results with \/R;. R;. Likewise, the entrainment differences as a function of the mass flux
parameters (peVe - o,V and p;V;y - p_V_ ) exhibit a similar tend as when presented
versus 1/\/ R;. Of these six parameters, only (V, - V_) appears to correlate the jet
entrainment differences for various pressure ratios at a fixed Mach number and does so
similarly as \/w The other parameters prove to be unsatisfactory correlation parameters
for jet entrainment differences as a result of being functions of NPR. Normalization of
these parameters with NPR should, however, produce correlation equal to that of \/R or

VR

In conclusion, jet entrainment and mixing effects on afterbody drag appear to be
relatively insensitive to NPR over a wide range of overexpanded and underexpanded jet
conditions and thus are relatively independent of inviscid jet plume shape. Since jet
momentum varies with NPR, these jet entrainment differences seem to be also relatively
independent of jet momentum. This assumes that jet plume shape and jet momentum do
not act in a compensating manner such as to produce jet entrainment differences
essentially constant over the NPR range. (It may also be that matching jet plume shape
and matching jet momentum are synonymous for these results.) Finally, parameters
proportional to \/RJ but independent of NPR seem to lincarly correlate the jet
entrainment differences observed for various NPR's.
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Comparison of drag increments at design nozzle pressure ratio which were produced
by varying R; at various Mach numbers is presented for the 25- and 15-deg boattail
models in Fig. 21. At design conditions, the inviscid jet plume boundary is, by definition,
cylindrical in shape with a diameter equivalent to the nozzle exit diameter. In an attempt
to correlate these drag coefficient increments, they are shown as functions of quantities
representing both differences between and ratios of the jet exhaust and free-stream
velocities, mass fluxes, and kinetic energy fluxes. Since nozzle exit and inviscid jet plume
boundary conditions are identical at nozzle design pressure ratio, there is no distinction
between these parameters in the plume and at the nozzle exit. Momentum-related
parameters werc not considered, because, as before, jet momentum remains fixed when
R; varies at a given Ptj.

As observed, the jet entrainment differences in afterbody drag coefficient produced
by altering R; at nozzle design conditions vary lincarly with the \/E The data in Fig. 21
demonstrate that this line of variable R; but fixed NPR becomes steeper in slope as
free-stream Mach number increases and/or the boattail angle increases. Thus, there are
significant differences in the drag coefficient increments observed between two Mach
numbers at a matched value of \/_RJ_ Maximum differences in these coefficient increments
between Mach numbers 0.6 and 1.2 are approximately 260 drag counts and 100 drag
counts for the 25- and 15-deg boattails, respectively. The correlation of jet entrainment
diffcrences lor various Mach numbers in terms of 1,.’\/?]- is no better, as might be
anticipated. Matching paramcters representing both differences and ratios of the jet
exhaust and free-stream velocitics and kinetic energy fluxes serve to further degrade this
correlation, although the linearity of the jet entrainment differences at a given Mach
numbecr is comparable to \/w By matching the mass flux related parameters (shown in
Figs. 2le and f), the jet entrainment diffcrences (produced by varying R;) for various
Mach numbers are best correlated. As shown, these entrainment differences collapse
together within 100 drag counts for the 25-deg and 85 counts for the 15-deg boattail at
free-stream Mach numbers from 0.6 through 1.2.

45 CORRELATION OF COMBINED TOTAL TEMPERATURE AND SPECIFIC
HEAT RATIO EFFECTS

In Fig. 22, afterbody pressurc drag coefficient data from Refs. 1 and 3 are presented
to show the effects produced by varying the jet exhaust total temperature (th) and the
jet exhaust specific heat ratio ('yj) simultaneously. These results, obtained in Tunnel 16T,
are shown for both the 25- and 15-deg boattails on an isolated nozzle afterbody model
very similar to the 1T model for this present investigation, but approximately ten times
larger in scale. The drag coefficient data are presented as a function of NSPR, which
represents one of the parameters previously shown to correlate the jet effects produced
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by changes in ;. If matching NSPR is assumed to duplicate inviscid jet plume shape for
exhausts of differing v, then the variation of CDP on Fig. 22 must be the result of
differences in mixing or jet entrainment produced by variation of le. An increase in th
produces almost constant downward shift in drag over the entire NSPR range and does so
for both external afterbody geometries at all free-stream Mach numbers shown. As a
result of the similar drag variation noted for changes in th and R, at matched plume
shape conditions, it is concluded that the basic physical mechanisms characterizing mixing
at the plume boundary are determined primarily by the RJT,j product, although therc
may also be secondary influences which are important in any given case.

Drag coefficient increments produced by variations of Rand th at matched plume
shape conditions (fixed .NSPR) are presumed to be associated with jet entrainment and
are compared in Figs. 23 and 24 for the 25- and 15-deg boattail bodies, respectively.
(The variable RJ data are given for the nozzle design pressure ratio, but limitations on
test data required that the variable Tt] data be given for NSPR = 2.0. Figure 22 shows
that there is only a small change in ACDP between NSPR = 1.0 and 2.0.) The
entrainment differences for the effects of temperature (th) were obtained at a fixed
NSPR by subtracting the afterbody drag coefficient for a jet exhaust composed of
unheated air from that for a jet exhaust of higher temperature, composed of exhaust
products of ethylene/air combustion. The products of ethylene/air combustion closely
resemble- those of an actual aircraft engine exhaust since the hydrogen-carbon ratio is
similar for ethylene and JP fuels. The jet entrainment differences representing the effects
of exhaust gas constant (R;) were determined by the method discussed earlier, using the
drag coefficient for the nitrogen jet as the baseline to be subtracted. Since air and
nitrogen have similar properties at ambient conditions, the entrainment differcnces
presented for variations in temperature and gas constant were obtained using a similar
baseline jet exhaust gas. Although the trends in CDp are quite similar for the le and
R; variation in Figs. 23 and 24, it should be recognized that the comparison may be
affected by such secondary influences as differences in model and support system
between 1T and 16T. dissimilar model blockage. LT strut interference, and small
differences in the supersonic Mach numbers in the data comparison.

In Figs. 23 and 24, thesc drag coefficient differences are presented as a function of
jet-to-free-stream ratios of velocity, mass flux, and Kinetic energy flux. The ratio
representing momentum flux is not presented because, at a matched jet plume shape
condition (fixed value of NSPR), and a given free-stream condition. the effects of varying
jet temperature and specific heat ratio change the momentum ratio by a negligible
amount. (It has been previously indicated that varying R has no effect on jet
momentum.) In general, varying v, over the range of specific heat ratios experienced by
an aircraft engine does not significantly alter the magnitude of entrainment-related
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parameters such as the jet-to-free-stream ratios of velocity, mass flow flux, and kinctic
energy flux. This substantiates an earlier conclusion that the effects of ¥; on afterbody

drag are primarily related to inviscid jet plume shape. Jet entrainment differences for
variations in jet temperature and gas constant prove to be similar and exhibit a like trend
as a function of the various parameters presented. As a result, it appears possible that for
nozzle afterbody wind tunnel tests that the entrainment effects produced by jet
temperature might possibly be simulated by judicious selection of the jet exhaust gas
constant. Since the nozzle exit-to-free-stream velocity parameter has proved to correlate
jet entrainment differences for the effects of R, at various inviscid jet plume shape
conditions, it appcars that the parameter \/RJTtj may relate temperature and gas constant
effects on jet entrainment over a wide range of nozzle total pressure ratios. Further
research is recommended with a given afterbody configuration to verify this.

5.0 CONCLUDING REMARKS

The objective of this investigation was to evaluate the effects of individual jet
exhaust propertics on integrated afterbody pressure drag coefficient. Data for this
investigation were obtained from experiments conducted with two isolated nozzle
afterbody configurations where essentially unheated gases with six different jet
compositions were utilized to separately vary the exhaust ratio of specific heats from
1.20 to 1.40 and to vary the exhaust gas constant from 55 to 767 ft-Ibf/lbm°R. /

Experimental observations and results are as follows:

1. The variation of afterbody drag coefficient with nozzle pressure ratio was
found to be similar to that observed with heated combustion gases for
which total temperature and specific heat ratio vary simultanecously. A
drag rise that commences at a nozzle total pressure ratio (NPR)
corresponding to initial choked nozzle flow increases in magnitude and
continues to a prog'ressively higher NPR as the internal flow passes
through the subsonic to the supersonic regime. Beyond the drag peak
re'presenting the conclusion of the drag risc, a reduction in drag occurs
which is characteristic of an increase in the inviscid jet plume size.

2. Variation of the specific heat ratio at a fixed NPR and a given value of
the gas constant was found to have little or no effect on the afterbody
drag coefficient at nozzle pressure ratios below the drag peak. Above the
drag peak, decreasing the specific heat ratio produced a drag reduction
which increased monotonically with further increases in the pressure
ratio. Afterbody drag coefficient for the normally unseparated 15-deg
boattail model was more sensitive to the effects of specific heat ratio than
the separated 25-deg boattail model.
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3. An increase in the gas constant at a fixed NPR and a given value of the
specific heat ratio was found to producc a constant decrease in drag
coefficient over the entire range of nozzle pressure ratio covered. The
effects of gas constant on afterbody drag coefficient were greater for a
separated afterbody as compared with an unseparated afterbody and were
greater for transonic Mach numbers as compared with subsonic Mach
numbers.

From these observations the following conclusions were made:

1. In terms of the physical mechanisms involved, it is clear that the gas
constant and femperature affect the drag coefficient only through the
mixing or entrainnent process between the jet and the free-stream flow.
The specific heat ratio has little or no effect on the mixing/entrainment
process at nozzle pressure ratios up to the drag peak and it is inferred that
this is frue for all pressure ratios. As a consequence, it is concluded that
variations in specific heat ratio affect the drag primarily, if not exclusively,
through resultant changes in the inviscid plume shape.

2. Drag coefficients obtained for different values of specific heat ratio at a
given value of the gas constant were found to correlate very well with the
nozzle static pressure ratio, corresponding to matched inviscid plume shape
and are, therefore, predictable by duplicating this parameter.

3. Drag coefficient increments produced by variation of the gas constant at a
fixed NPR and at a given value of specific heat ratio displayed a linear
variation with square root of the gas constant. At matched plume shape
conditions, joint correlations of these data and comparable data obtained
previously with hot combustion gas exhaust jets showed in each case a
linear variation with parameters directly dependent én the square root of
the product of jet gas constant and exhaust temperature. An ideal
correlation parameter for these effects was not identified; however, several
parameters were found which could provide the basis for judicious
adjustment of cold jet parameters to give proper simulation of hot jet
tests.
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Figure 13. Jet gas constant effects on afterbody pressure distributions at
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Table 1.

AEDC-TR-78-43

External Pressure Orifice Locations

a. Afterbody Pressures

25-deg Boattail 15-deg Boattail
X, in. : Y, in. $, deg X, in. Y, . in. ¢, deg
1.040 0.491 350 0.664 0.490 10
! 1.071 0.483 330 0.744 0.482 350
©1.091 0.475 310 0.797 0.474 340
+1.107 0.468 ! 290 0.881 0.460 300
1.123 0.461 270 0.921 0.452 280
1.139 0.453 250 0.959 0.443 260
1.155 0.445 230 0.992 0.436 250
1.171 0.437 210 1.027 0.427 230
1.187 0.429 190 1.061 0.419 ; 210
1.204 0.420 170 1.123 0.401 i 170
1.221 0.411 150 1.152 0.393 160
1.238 0.402 130 1.182 0.384 140
1.273 0.384 90 1.213 0.375 120
1.293 0.374 70 1.242 0.365 100
1.334 0.354 30 1.271 0.355 80
1.356 0.341 10 1.301 © 0.345 70
1.378 0.334 340 1.330 ' 0.334 50
1.402 0.323 320 1.360 0.323 30
11,427 0.311 300 1.390 0.312 330
1.450 0.301 280 1,420 0.299 290
1.477 0.288 260 1.451 0.286 240
1.505 0.275 240 1.482 0.274 200
1.534 0.262 220 1.513 0.262 150
1.565 0.247 160 1.547 0.247 110
1.597 0.232 100 1.582 0.233 60
1.632 0.214 l 40 1.625 0.214 20

b. Base Pressures

25~-deg Boattail 15-deg Boattail
X, in. ¢, deg X, in. ¢, deq
1.650 0 1.650 0
} 120 } 180

1.650 180 1.650° 270

X = distance aft of M.S. 13.047 ¢ = 0°
Y = distance from model centerline View
L = afterbody length = 1.650 in. . looking

270° 90° downstream
180°
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Table 2. Test Summary

a. 25-deg Boattail

M =0.6 M =0.8| M =0.9| M =1,2
Exhaust Gas = hd = =

Part No. | Part No. | Part No. | Part No.
Nitrogen {(Nj)
R = 55,159 17 20 24 27, 30
Y = 1.400
Ny + Hp (Mix 1)
R = 231.47 71 - 67, 72 73
y = 1.400
Ny + H (Mix 2)
R = 408.96 86 - 87 88
Y = 1.400
N> + Hp (Mix 3)
R =579.98 82 - 80 76
¥y = 1.400
Hydrogen (H) |48 53, |ss5, 57, |54, 62 |56, 77
R = 766.65 83 61 81, 89
Y = 1.400 '
Ethylene (C;H,)
R = 55,084 42, 33 43 41, 34 40
¥ = 1.20-1.27

b. 15-deg Boattail

Nitrogen (N3)
R = 55.159 93 - 94 95
Yy = 1.400
N2 + Hy (Mix 1)
R = 231.47 124* - 125% 126*
Yy = 1.400
Ny + Hy (Mix 2) '
R = 408.96 120* - 119* 100
Yy = 1.400
N2 + Hp Mix 3)
R = 579.98 130% - 129* 128+%
¥ = 1.400
Hydrogen (Hj)
R = 766.65 103 - 118* 99
¥ = 1.400
Ethylene (C2H4)
R = 55.084 107 - 111 112
Yy = 1.20-1.27
Solid Cylinder 133% e 134% 135%

Plume

*Represents data with anomalies
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Table 3. Free-Stream Test Conditions

M_ Py, psia P_, psia a,, psia Re_ x 1079, 1/1t
0.6 19,79 15,52 3.91 4.001
0.8 12.98 5.82 4.762
0.9 11.70 6.63 5,013
1.2 8.16 8.23 5.321
Table 4. Basic Properties of Jet Exhaust Gases Tested
Gas Molecular R ft-1bf at T = 630°R | Critical Critical
Weight ’ 1bm-OR P =1 atm Temp., ©R Pressure, psia
Nitrogen (Ng) 28,016 55,159 1.40 227,1 492 .4
Ethylene (CgoHy) 28.054 55.084 1.21 509.8 742.4
Hydrogen (Hsp) 2.016 766.65 1.40 60.2 188.2
N2-H2 Mixtures 6.68 231 1.40 - ——
l 3,78 409 1.40 — -_—
2.664 580 1.40 —— -

E¥84-H1-003V
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NOMENCLATURE*
A Nozzle area, in.2
A JA* Nozzle exit-to-throat area ratio
CDp Afterbody pressure drag coefficient, Dp'/q_,S = -Z(Cpx)(pr)/S
Cpx Afterbody pressure coefficient, (P,- P_)/q_
D Nozzle diameter. in.
D, /D, Maximum inviscid jet plume boundary diameter based on isentropic flow

divided by nozzle exit diameter
D Integrated afterbody pressure drag, -Z(px - p,)(S;,), Ibf
g Gravitational constant, ft/sec2

Afterbody length, 1.650 in.

M Mach number

m Mass flow, lbm/sec

NPR Nozzle total-to-free-stream static pressure ratio, Ptj [P,
NSPR Nozzle exit static-to-free-stream static pressure ratio, ?e [P,
P Static pressure, psia

PN Part number used to identify test runs

P, Total pressure, psia

q Dynamic pressure, psi

R Gas constant, ft-1bf/lbm-"R

Re x 106  Reynolds number per foot

S Maximum model cross-sectional area, 0.76 in.2

*See figure at end of Nomenclature for definition of terms.
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pr Projecteci area on afterbody assigned to CPx

T Static temperature, °R

T, Total temperature, °R ;

\Y Velocity, ftfsec

X Distance aft of model station 13.047, in.

X/L Distance aft of model station 13.047 divided by afterbody length
ACDp Afterbody pressure drag coefficient increment |

For Rj variable, 7] and th fixed:

AC, =C -
Dp l:'p RJ=variable CDp RJ=55.159 .

For Y and th both variable, R] fixed:

CD = CD - CD

P P = variable P 1.40
th = variable th = 540°R

For v; variable, Rj and Ttl fixed:

ACDp = CDp vj = variable i CDp v, = 1.40
Av Incremental Prandtl-Meyer angle, v, - v,, deg
v Ratio of specific heats
On Nozzle divergence half-angle, deg
v Prandtl-Meyer angle, deg
p Mass density, lbm/ft3
pV "Mass flux, lbm/ft2-sec
pV?2 Momentum flux, lbm/ft-sec?
pV3 Kinetic energy flux, Ibm/sec3
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SUBSCRIPTS

1 Jet conditions at inviscid jet plume boundary
c Jet conditions in nozzle plenum chambe{\

e Jet conditions at nozzle exit plane

H, Hydrogen

j Jet conditions at any given axial station

N, Nitrogen

\J Venturi conditions

X Afterbody pressure tap axial location

Tunnel free-stream conditions

SUPERSCRIPT

* Jet conditions at nozzle throat
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Inviscid Jet Plume
Boundary

Free-Stream Conditions

M, Ptm, Ttu, Yo

Jo-

Nozzle Nozzle Nozzle Jet Plume Boundary
Chamber Throat Exit Conditions (defined where
Conditions Conditions Conditions P, = P)
(e) (*) (e) (1)
P = D % =D = P =P .
tc t te t1 tJ ‘
Tt = Tt* = Tt = Tt = Tt Jet Properties
c € 1 J
Yo= Y= =1 =V
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